Chronic skin wounds are a significant human health concern and are often complicated by infection with Pseudomonas aeruginosa and Staphylococcus aureus, particularly methicillin resistant S. aureus (MRSA). Translating the knowledge gained from extensive study of virulence mechanisms and pathogenesis of these bacterial species to new treatment modalities has been lacking in part due to a paucity of animal models able to recapitulate human disease. Our groups recently described a novel porcine chronic burn wound model for the study of bacterial infection; however, the histopathology of infection has yet to be described. The objective of this study is to define the histopathology of this model using important human chronic wound bacterial isolates. Porcine full-thickness burn wounds topically inoculated with P. aeruginosa strain PAO1, MRSA S. aureus strain USA300 or both bacteria were used to define and quantify histopathologic lesions. The development of a systemic, well-defined rubric for analysis allowed for evaluation of differences between infection groups. These differences, which included epithelial migration and proliferation, stromal necrosis, fluid accumulation and intensity and character of the innate and adaptive inflammatory cell responses, were identified temporally between infection groups. Mono-species infected wounds developed a hyper-proliferative wound edge. Coinfected wounds at day 35 had the largest wound sizes, increased amounts of neutrophilic inflammation, immaturity of the wound bed, and retention of necrotic tissue. Infection, regardless of species, inhibited wound contracture at all time points evaluated. Most importantly, this model recapitulated key features of chronic human wounds. Thus, this model will allow researchers to study novel treatment modalities in a biologically relevant animal model while monitoring both host and bacterial responses.
Chronic wounds are a major health care concern worldwide with millions of people affected each year and annual treatment expenditure estimated to be several billion dollars. 1 The increasing incidence of obesity, diabetes, nosocomial postoperative surgical infections, combat related wound infections, and growing elderly population make wound care a significant public health concern. Due to the multifactorial contributing factors and complexities of this microenvironment (i.e., ischemia, infection status, comorbidities, immune status), developing an all-encompassing model is not realistic. However, in an attempt to address and understand wound healing, numerous animal models of chronic wound healing have been developed (reviewed in Ganesh et al. 2 ). Bacterial persistence is a significant contributor to delayed healing with an astounding 60% of all chronic wounds having a chronic bacterial infection.
Staphylococcus aureus and Pseudomonas aeruginosa account for the most common human wound bacterial isolates regardless of the initiating cause of soft tissue injury. 3 While the term chronic wound encompasses a broad range of disease and clinical presentations, the histopathology of human chronic wounds has some common microscopic features; the most detailed of which are a proliferative wound edge with hyperkeratosis and variably fibrotic wound bed with neutrophilic inflammation. 4 In contrast, the histopathology of animal models of chronic wounds are poorly characterized making drawing parallels between human and model systems difficult. Also, a lack of consistent criteria to evaluate host healing and response to infection makes comparison between animal models challenging and experimentation redundant. We aimed to detail the histopathology of the host response to various bacterial infections using common human bacterial isolates in our newly described animal model. The rubric developed here provides a means to evaluate future comparisons between treatment groups and infection types. Correlation to human pathology is also discussed.
MATERIALS AND METHODS

Animals
The Ohio State University's Institutional Laboratory Animal Case and Use Committee (protocol 2012A00000041-R1) approved all experiments. Female Yorkshire pigs weighing between 70 and 80 pounds were used in this study (n 5 11).
Bacterial isolates
P. aeruginosa strain PAO1 was obtained from the Matthew Parsek Laboratory and a spontaneous rifampicin mutation was generated from overnight culture on tryptic soy agar (TSA) with 100 lg/mL rifampicin. 5 S. aureus strain USA300 was obtained from the Network on Antimicrobial Resistance in S. aureus (NARSA, BEI Resources Repository, NAID, NIH, Manassas, VA) and was grown on TSA plates or broth media.
Porcine burn wound model
Porcine infections were carried out as previously described. 6 In brief, reproducible, full-thickness burn wounds were established under general anesthesia on the paravertebral, dorsolateral trunk, bilaterally. A total of six, 2 00 3 2 00 wounds were generated using a pressure and temperature controlled metallic die after removal of hair from the selected areas and surgical scrub-preparation (alternating chlorhexidine and alcohol scrub). Wounds were individually covered with Tegaderm (3M) dressing and the entire wound area secured with consecutive bandaging with V.A.C. drape (Owens & Minor), Vetrap, and Elastikon (3M). The bandages were left in place for 3 days, and then removed at day 3 postburn under general anesthesia for bacterial inoculation. A total of 10 8 CFU of P. aeruginosa (n 5 12 wounds [2 pigs], PA), S. aureus (n 5 18 wounds [3 pigs], SA), or both bacteria (n 5 12 wounds [2 pigs], CO) in 250 lL of PBS (1x) was inoculated into the wounds topically and dispersed across the surface with a sterile spatula. Control wounds (n 5 12 wounds [4 pigs], CT) were topically mock inoculated with 1X PBS. The wounds were covered individually after bacterial inoculation and bandaged as described above. Full-thickness, excisional wound biopsies (oriented in the sagittal plane) were removed at days 7, 14, and 35 postbacterial inoculation (PI) and placed in 10% neutral buffered formalin for >72 hours. Normal/nonburned skin (1 cm) from each side of the wound was included in the biopsy. Skin samples were adhered to wooden tongue depressors to maintain skin shape prior to fixation.
Tissue processing and imaging
Porcine tissues were paraffin embedded, sectioned (5 lm) and stained with hematoxylin and eosin (H&E). The slides were scanned with Aperio Slide Scanner, Scan Scope XT, up to 40x resolution and viewed, analyzed and measured using ImageScope Software (Leica Biosystems, Buffalo Grove, IL).
Histopathology evaluation
A systematic review of histologic lesions between infection groups followed a detailed rubric developed for various skin healing parameters as outlined in Tables 1 and 2 , adapted from Meyers et al. 7 Refer to Figure 1 for depictions of the tissue divisions and locations of measurements. Tissue evaluation was undertaken using routine H&E staining. Detailed descriptions of how to identify each of the graded parameters is outside the scope of this article, examples of pertinent lesions are provided in figures.
The percent surface area occupied in each segment by immature granulation tissue or mature fibrosis, necrosis, blood, edema or fibrin, and histiocytic/granulomatous inflammation or mineral was evaluated (Table 1) . A minimum of 10% of the lesion was required to be present in the section evaluated to reach a grade 1. Epithelial responses were measured as detailed in Figure 1B . The epithelial gap was measured across the exposed (lacking epithelium) wound surface as the distance between the tips of the migrating epithelium. Polymorphonuclear inflammation was evaluated using the parameters outlined in Table 2 .
Statistics
Statistical analysis was performed with GraphPad Prism version 5.0b (GraphPad, La Jolla, CA) and all graphical data is presented as a mean with standard deviation. Comparisons between infection groups were made with twoway ANOVA and Bonferroni posttesting. Significance was set to p-values < 0.05.
RESULTS
Clinically, all pigs remained healthy and asymptomatic for systemic infection during the duration of the study. Key microscopic findings between experimental groups over the course of infection are presented here.
Inflammation
The early inflammatory response in infected wounds is primarily neutrophilic with lesser amounts of macrophages, eosinophils or lymphocytes, and plasma cells. Of the time points evaluated, maximum inflammatory cell infiltration occurred in all infected wounds at day 14 postinoculation (PI). Inflammation remained primarily neutrophilic at day 35 PI, focused at the superficial half of the wound and became increasingly more histiocytic deeper within the wound bed. In each group, neutrophils were largely absent beyond the level of the mid-dermis (follicular units) when measured in comparison to the adjacent, nonburned skin interface.
Neutrophils were present in all wounds at day 7 PI and all other inflammatory cell types (i.e., eosinophils, macrophages, lymphocytes, and plasma cells; Figure 2C ) were present in fewer numbers than neutrophils at this time point. The SA and CO groups contained mostly individualized neutrophils within the superficial wound bed with scattered areas of degenerate neutrophils (suppuration) at the wound surface while PA and CT wounds were coated with suppurative inflammation. Neutrophilic inflammation resolved over time in CT wounds with decreasing amounts at days 14 and 35 PI, corresponding to wound healing. Abscess formation was only identified in PA wounds (Figure 3C ) at day 14 PI. Neutrophilic inflammation in all infected groups reached maximal infiltration at day 14 PI and coincided with a peak in histiocytic or granulomatous inflammation amongst the evaluated time points ( Figure  2 ). Neutrophilic inflammation in mono-infected groups was minimal by day 35 PI, corresponding to decreasing wound sizes. CO wounds had thick suppurative exudate at day 35 PI (Figure 2) .
In all groups, including CT, macrophages and multinucleated giant cells were focused on large clear vacuoles, interpreted as free lipids released in the burning process. Although differences in the amount of macrophages or histiocytes were not appreciated between any of the experimental groups (including CT wounds) qualitative Table 2 . †Multinucleated giant cells.
differences between these groups was apparent ( Figure  2 ). Two morphologic subsets were noted: (1) foamy macrophages with cytoplasmic small caliber distinct clear vacuoles ( Figure 3A) , and (2) macrophages with amphophilic homogenous cytosol and multinucleated giant cells ( Figure 3B ). The latter phenotype frequently was focused on extracellular mineral, which was also deposited on collagen bundles with minimal associated inflammation ( Figure 2B ). Mineral was a primarily feature of infected wound groups, versus CT wounds, and more prominent in SA infections. Although macrophage phenotypes described above were not graded separately, there was a trend toward lipid-laden macrophages in PA wounds and multinucleated giant cells predominating in SA wounds. CO wounds contained a mixture of these phenotypes.
Eosinophils were not identified in CT wounds and uniquely present in monospecies infected wounds (i.e., PA and SA wounds). Individualized eosinophils were present within SA wounds at day 35 PI, throughout all depths of the wound bed. Lymphoplasmacytic nodules ( Figure 3D ) and foci of macrophages or multinucleated giant cells were also infiltrated by eosinophils of day 35 PI SA wounds. In contrast, PA day 7 wounds contained eosinophils primarily clustered at the superficial wound bed adjacent to the reepithelialized edge. Far fewer eosinophils were present within PA wounds at any other time point. Degranulation of these cells was not a feature in any of the wounds.
Lymphoplasmacytic inflammation was most prominent at day 35 PI (Figure 2 ) in the infected wounds but not a prominent feature of CT wounds. This inflammation was highest in PA wounds compared to any other infected wound at day 35 PI. In all instances the lymphocytes and plasma cells formed discrete nodules but lacked germinal center formation and rarely the center of these lymphoid aggregates contained a sclerotic mass of collagen ( Figure  2A ).
Dermal healing
CT wounds exhibited prompt infiltration of the wound with granulation tissue, which remodeled to mature collagen concomitant with a decrease of the dermal wound size (contraction) over time. Contracture was taken as the total length of the wound, when measured from the dermis, between the interfaces of normal dermal collagen and wound bed on either side ( Figure 1A ). Infected wounds retained necrotic tissue and were slower to infiltrate with granulation tissue at days 7 and 14 PI. Wound contracture was larger in all infected wounds compared to CT wounds. CO wounds had elevated amounts of necrotic tissue at alltime points when compared to the other groups Extracellular fluid is considered a function of dermal healing due the dependence of this feature on the presence of vascular components such as capillaries (blood supply) and lymphatics (drainage). Neovascularization/ Vasculogenesis is dependent on a supporting ground structure such as granulation tissue and collagen. Extracellular fluid was most consistently characterized in all wounds by perivascular or dissecting clear spaces with and without a slight pink tincture (i.e., protein). Extracellular fluid accumulations in infection groups remained comparable to CT wounds except for early PA infections. PA wounds at day 7 PI showed large dissecting accumulations of protein rich edema with fibrinous exudate (Figure 4 ).
Epithelial response
Mono-infected wounds were significantly larger than CT wounds at days 7 and 14 PI ( Figure 5 ). By day 35 PI, CO wounds were the only infection group with significantly delayed wound healing.
Normal skin thickness was measured in histologic section in all pigs in this cohort at the most distant point from the wound and was calculated to range between 30 and 50 lm which is in accordance with previous reports. 8 SA and PA wounds maintained thicker wound edges over the The total wound bed length (black ruler) was divided into six equidistant segments (oriented superficial to deep, grey dashed lines). The bounds of the wound bed are defined by the interface of normal dermal collagen and thermally injured tissue (black stars). Each segment (1-6) was evaluated using the scheme in Tables 1 and 2 . The scores from each segment were averaged for a final wound score, per parameter. (B) The epithelium covering the wound bed (epithelial tongue) was measured from the base (far left white arrow, #1) to the tip (gray arrow). Epithelial thicknesses were measured at 3 points from each side of the wound: #1) base (far left white arrow) #2) mid-point (middle white arrow) #3) epithelial tip (far right white arrow). Measurements were taken in areas in which there was a discrete stratum corneum formed (magenta line) but thickness measurements only included the stratum basale (dark purple) and stratum spinosum (light pink) [Color figure can be viewed at wileyonlinelibrary.com] course of infection when compared to CT and CO wounds ( Figure 6 ). The average thickness across the epithelial tongue reached 100 lm and 150 lm for SA and PA infections (2x and 3x normal), respectively, as early as 7 days PI. PA wounds had the thickest epithelium of all the infection groups at days 7 and 14 PI reaching 200 lm (>4x normal). SA wounds edges were thickest at day 35 PI with the average thickness of the reepithelialized segment calculated to be over 100 lm and the thickest measurement at >350 lm. Reepithelialized segments of CT and CO wounds averaged 70 lm and between 72 lm and 106 lm, respectively ( Figure 5B and C) . Reepithelialized sections in mono-infected wounds contained minimal amounts of compact orthokeratotic and parakeratotic hyperkeratosis and moderate to marked rete-peg formation ( Figure 6 ). These features were not considered separately in the evaluation of the tissue.
DISCUSSION
To the best of our knowledge, this is the first detailed evaluation of the histopathology of infected, healing burn wounds in any pig model to date. Differences in wound healing parameters were demonstrated over the course of the chronic infection between different infective bacterial strains. Importantly, as will be discussed below, there are features of these wounds that recapitulate key features of human burn wounds regardless of inciting cause or comorbidities, which have not been previously described in any animal model. 4, 9 Inflammation No other animal model has been able to recapitulate longterm (>30 days) wound inflammation without significant host-comorbidity (i.e., diabetes) making this animal model Table 1 , the individual wound histology parameters were scored and averaged from six segments evenly distributed across the wound. Inflammatory parameters were scored 0-4 as outlined in Tables 1 and 2 . For the graph above, C: x-axis represents time points day 7, 14, and 35 postinfection; SA, S. aureus, PA, P. aeruginosa, CO, coinfected wounds, and CT, control wounds. The mean scores are graphed here with standard deviation error bars and statistical significance measured by 2-way ANOVA, p < 0.05 [Color figure can be viewed at wileyonlinelibrary.com] an excellent system by which to study long-term effects of chronic neutrophilic inflammation on wound healing. 2, 10, 11 While macrophage quantities were not discernably different amongst the different experimental groups, cells exhibited differing phenotypes dependent on infective bacterial species. The significance of this observation is not clear. We speculate that the predominance of vacuolated macrophages in PA wounds and mineral associated and multinucleated giant cells in SA wounds may correlate to an altered activation state or physiologic demand as in vitro manipulation of macrophage activation states alters cell morphologies. 12, 13 The increased numbers of eosinophils in mono-species infected wounds, early in PA infected wounds and late in SA infected wounds, is peculiar. Evidence of these cell types being identified in human chronic wounds is lacking but the importance of this cell type in wound healing and in the recovery from S. aureus and P. aeruginosa infection has been documented. [14] [15] [16] [17] Further studies are needed to understand the significance of these findings.
Dermal healing
As wounds heal, the removal of necrotic tissue is a pivotal event to aide in the clearance of inflammatory cytokines, nidi for bacterial infection, granulation tissue formation and epithelial migration. Retention of necrotic tissue is associated with delayed wound healing and chronic wound formation. 18 Since there is standardization of the initial amount of necrotic tissue inflicted in this animal model, increased amounts are proposed to be retained via the following mechanisms: altered immune cell responses (i.e., phagocytosis), delayed neovascularization (i.e., delivery of inflammatory cells, nutrients, and oxygen) or lack of appropriate microenvironment for fibroblast maturity and differentiation. In this study, CO wounds, compared with mono-infected or CT wounds displayed a greater amount of retained necrotic tissue and stromal immaturity and this may have contributed to delayed reepithelialization.
The bacteria used here are specifically able to alter stromal components and inflammatory cells and their responses. Human stromal cells are susceptible to soluble factors of both S. aureus and P. aeruginosa biofilms, decreasing cell differentiation, viability, migration and angiogenesis. 19 The inhibition of stromal cells is anticipated to affect wound-healing parameters such as is present in this study (i.e., contraction, necrotic tissue accumulation, hemorrhage, and edema). It is clear by the total dermal wound size in each of the infection groups that the microenvironment did not allow for the same degree of contracture as seen in control wounds. 20, 21 Further study is required in this area but this model may prove to be physiologically relevant to human chronic wounds and therefore increase the ability to study this unique microenvironment. 22 
Epithelial response
One of the key parameters defining chronic human wounds is a hyper-proliferative wound edge with hyperkeratosis. 4 This feature is rarely reported in current chronic skin wound animal models with more emphasis placed on reepithelialization. Reepithelialized sections of the wounds in this study displayed minimal amounts of compact , delayed the contraction of the dermal wound bed compared to control wounds (black line). Graphed are mean measurements with standard deviation, statistical significance is considered at p < 0.05 using 2-way ANOVA. x-axis represents time points day 7, 14, and 35 postinfection [Color figure can be viewed at wileyonlinelibrary.com] Figure 5 . Scoring epidermal responses to infection in chronic wounds. Using the epithelial measurements detailed in Figure  1 and Table 1 , epithelial responses were analyzed by determining the wound size/epithelial defect with the size of the burning instrument indicated by the horizontal dashed line (A), the thickest point measured out of the 3 described in Figure  1 within the new epithelial tongues (B) and the average thickness across the epithelial tongue as measured by 3 separate, defined points (C). For all the graphs above: x-axis represents time points day 7, 14, and 35 postinfection; SA, S. aureus, PA, P. aeruginosa, CO, coinfected wounds, and CT, control wounds. The mean scores are graphed here with standard deviation error bars and statistical significance measured by 2-way ANOVA, p < 0.05 [Color figure can be viewed at wileyonlinelibrary.com] hyperkeratosis, which was not equivocal to human chronic wound descriptions. 4 Using mono-infections with either SA or PA, the reepithelialized wound edge reached 2-3x or nearly up to 4x normal skin thickness, respectively, within 7 days PI and this was maintained until at least day 14 PI. At no point in the course of healing did CT wounds average a thickness above 2x normal. Therefore, it appears that SA and PA have a dramatic effect on keratinocyte proliferation rates as well as an impedance to the migration of the keratinocytes as evidenced by delayed wound closure in the mono-infected groups at day 7 and 14 PI. Given our previous use of this model and determination of biofilm mode of growth of PA in that model we speculate that this response may be due to the specific biofilm mode of growth of these bacterial species. 6 Extracellular products from biofilms of S. aureus and P. aeruginosa have a significant effect on epithelial proliferation and migration in vitro. 23 It is speculated that a similar mechanism may be produced in these porcine infections.
Marano et al. identified that human epidermal keratinocytes were highly susceptible to cytolytic properties of the conditioned biofilm media of both bacterial species while at reduced concentrations there was inhibition of migration and proliferation. 23 Others have identified S. aureus and P. aeruginosa specific factors that may enhance epithelial proliferation. 24, 25 Therefore, the effects seen here may not be specific to a bacterial mode of growth.
Surprisingly, the hyperproliferative wound edge was not present in CO wounds. This may be a dose dependent phenomena, however, we consider this less likely given that the delay in reepithelialization was of a similar magnitude at days 7 and 14 PI and even more pronounced at day 35 PI when compared to mono-infected wounds. Therefore, the effect of both of these bacteria together appears to produce reduced epithelial proliferation and migration.
The detailed evaluation of these wounds has shown great similarity to key features of the chronic human wounds, regardless of inciting cause. Importantly, the effects of Figure 6 . Epithelial responses to infection in chronic wounds. The reepithelialized section of skin (wound edge) covering mono-infected wounds, S. aureus (SA) and P. aeruginosa (PA) infected wounds (rows 1 and 2), were hyper-proliferative compared to coinfected and control wounds (CO, row 3 and CT row 4, respectively) at all time points (columns 1, 2, 3 are days 7, 14, and 35 postinfection (PI), respectively). Proliferation was accompanied by rete-peg formation (arrows) and mild hyperkeratosis (*). Scale bars 5 100 lm [Color figure can be viewed at wileyonlinelibrary.com] bacterial infection on host responses were widespread (i.e., epidermal, dermal, and inflammatory) and when conducting animal experiments for evaluation of treatment modalities and bacterial effects all parameters should be evaluated. The information gained from these studies will aide in evaluating the effect of interventions for both bacterial and host responses.
